ABSTRACT Photon absorption and emission by molecules that undergo radiationless transitions are examined using the single modes of lasers having well-defined coherence pro erties.
Radiationless transitions (1, 2) are extremely important processes for the description of light absorption and emission in molecules and in treating the photochemistry in excited systems. Evidence for the existence of these processes in large moleculest is found from the measurements of quantum yield of fluorescence, which turn out to be less than one and effectively the same in the gas phase and in solution. These observations indicate that the processes do exist in the so-called "isolated molecule" and that they must occur by an intramolecular mechanism. Parmenter and coworkers (3) (4) (5) have studied benzene at very low pressures and found the quantum yield to be less than one. This point raised the concern that the results cannot be explained by the simple laws of quantum mechanics.
In large molecules one usually finds that the lifetime is shorter than the radiative lifetime (obtained from oscillator strength measurements), and the quantum yield is less than one. On the other hand, Douglas' work (6, 7) on small molecules has shown that the measured lifetime is longer than the radiative one while the quantum yield is close to unity. This paradox was resolved by incorporating different coupling mechanisms among the Born-Oppenheimer (BO) states.
Abbreviations: BO, Born-Oppenheimer; IRD, incoherent resonance decay. * To whom correspondence should be addressed. t "Large" usually refers to molecules with more than two or three atoms. More precisely, it means that hp/T >> 1, where r is the decay time of the zeroth order levels (density p) that are located at the energy of op (see Fig. 1 ).
The use of BO states raised another question that pertains to the calculation of nonradiative decay rates using different versions of BO approximations. However, the qualitative picture is basically the same. The molecule has a "primary" state (e.g., singlet electronic state) op and a ground state 4o. Isoenergetic with 4p there exist many other levels from the lowest triplet manifofd or the vibrationally hot levels of 4o (see Fig.   1 ). The coupling matrix element between 4,p and the other levels, and the density of states in the neighborhood of I p) [i.e., pi(Ep) and pt(Ep)] determine the routes of the nonradiative decay. In many ways this scheme resembles Fano's description (8) for the autoionization of helium. However, in molecules, irreversible electronic relaxation deactivates excited levels without the ionization of the molecule or the rearrangement or the breaking of chemical bonds.
Robinson's group (2) has shown that irreversible (1) electronic relaxation of molecules in condensed phases results from the medium that provides a heat bath. Further, they argued that in isolated large molecules the density of states is sufficiently high that they form the intramolecular sink in the molecule (statistical limit). The true molecular states considered by Bixon and Jortner (9, 10) are mixtures of op and the quasicontinuum states, and their superposition forms the nonstationary Up state, which evolves in time according to the exact Hamiltonian.
In the above description, it is assumed that in the statistical limit the light initially prepares 4)p excitation, which may then fluoresce or "cross-over" to the quasicontinua. If the density of states is high enough, the "theoretical recurrence" (due to Poincare) might be much longer than the time scale of the experiment (11) . In isolated molecules (low pressure gases) spontaneous infrared emission (12) (4'm I iIm(t)) = (/rnm le-i't/^j 'Im) = e-iE'mt/h. [2] E'm contains the imaginary energy term that describes the decay:
E'm/h = Em/h -1ki4rmi -I irm nr. [3] One notes that the effect of relaxation on the true eigenstates of the system is contained in the r matrix whose radiative damping matrix elements [the coupling between the molecular state and the photon field (11) [4] where Wint is the matter-field Hamiltonian and the summation is over all lower states a to which m and n may spontaneously decay, and e is the polarization. The nonradiative decay matrix elements, rmnr, similarly depend on the density of dissipative states and the coupling matrix elements. Assuming a diagonal r (i.e., no correlation amongst the decay channels), the total decay can be related to the BO states using Eq. 1: rm = |.Apm I 2rp + |Ajm 2rj. i [5] Eq. 5 says that if the coupling between Ip) and $jI (the states with essentially zero oscillator strength) is effective, the "large" molecule obeys the laws of the "small" molecule limit. In other words, the lifetime of the monochromatically prepared state becomes longer than l/rP,. The top left spectrum is the IRD signal observed using the single mode of the dye laser that is on resonance with the molecular transition. The bottom left spectrum is the IRD at high temperature (above 3 K). At high temperature the dc current of the photomultiplier increased. The trace at high temperature (the liquid helium was gone) was taken at the same dc level as the low temperature one. The solid circles are the theoretical fit for the IRD pattern. The build-up that contains the laser pump term must also include the molecule-photon scattering process. The inset in the figure shows the decay of the excited electronic origin of pentacene as a function of the laser bandwidth. A and B are the decay rates following the laser narrow band excitation in zero and applied magnetic field. In these experiments the magnetic field was turned on and off 10 times and consistently the decay was found to change by >15%, which we ascribed as due to the triplet mixing with the I p state.
The standard deviation on these decay measurements is small (2%), but a larger error of 8% was found when we considered the reproducibility of the measurements on different crystals and with different laser power and frequency. Note that the field affects what will be called "fluorescence."
The above narrow excitation process is different from the so-called broad band excitation (9, 10) which implicitly assumes that the exciting pulse is a delta function in time! If the light source has an energy spread comparable to the inhomogeneous § width (9, 10), the excitation of a large molecule like pentacene will form a coherent or incoherent combination of Am/r's, depending on the relative phases of the emitters (or modes) in the light source. Because the molecule is in the ground state at t = -a, semiclassically the system will evolve in time in the interaction representation as follows (h = 1):
= {t"(0) + i 3 eiwmt'[M. Eo6(t )je-s t A (t')dt [6] where 1A is the transition dipole operator and Eo is the amplitude of the field. Using the above interaction representation picture, one therefore concludes that the 5-function excitation prepares the primary state at t = 0 since Op is optically allowed: y(t = 0) = i(¢kp I A Eol Oo) E I m) (Om I op) + I bo) [71 m For transform limited light pulses that create the p ) state the time evolution will not only have a decay but also recurrences, oscillations, etc. One can solve the problem exactly by calculating the amplitude of the decay from the convoluted Green's function of the system (28) (29) (30) . In the Schrodinger representation, this probability of finding the system in 1P) following its initial creation is given by (Eqs. 1, 2, and 5):
.Lp(t) = I (kp le-iwt/hpI o 12 = | E IAprI 2e-iE'mt/hI [8] § The word homogeneous means the intrinsic resonance of the molecular emitters. By inhomogeneous resonance we mean a statistical distribution of many homogeneous isochromates (or packets). This inhomogeneous broadening could be either due to "molecular inhomogeneity" (i.e., many unresolved molecular states) or "crystal inhomogeneity" due to differences in crystal fields.
Eqs. 7 and 8 indicate that the excitation of the system creates a metastable state that carries most of the oscillator strength and decays rapidly if the source spans the set of molecular eigenstates that are now coherently excited. We should add that the optical dephasing (T2) processes in these large molecules is very important, especially at short times. However, both optical T1 and T21 of the system under study are known experimentally (31-33) and we need not speculate about their influence on the theoretical treatment.
Experimental results and discussion
At very low temperatures (1.7 K) pentacene in p-terphenyl exhibits site splittings; four distinct origins have been identified.
The single mode of the dye laser excited the O1 origin (17, 18) at 16,882 cm-1. At the same time the coherent transients in the forward direction of the laser beam, the emission at right angles, and the spectrum of the single mode were monitored. Fig. 2 shows the selective emission of the Q1 origin when the laser was switched into other molecular packets (thus allowing the original packets to decay) within the inhomogeneous line. It is clear that the decay of the state following the narrow width preparation (about O-4 cm-l)itakes much longer time than that anticipated for the allowed singlet BO state.
Our observation of 15 ,tsec for the decay time constant indicates that the true eigenstates, and not the BO state, were prepared by the laser. This means that the mixing between IP) and {jI states is relatively strong. In the language of photon correlation spectroscopy (34) , one says that the excitation correlation time (w/AW) is >10-6 sec (i.e., photon coherence length of 300 m). This time is much longer than the internal coupling correlation time, 7r/AE, which is on the order of picoseconds. AE is the energy spread involved in the coupling between IP) and fjj. Knowing have observed the optical free induction decay in molecular beams and the photon echo on the spontaneous emission of gases near zero pressure. These observations (Chem. Phys. Lett., in press) which give optical T, and T2 in gases and beams will now allow us to separate the mechanisms for the spontaneous and dephasing processes at zero pressure (intramolecular) and in condensed phases.
